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The evoUiiion of 5oli4-$ime mmx:smh and d)e Siibse^iueni develo|nfiieiiiof chc tcchjootoj^ 
for miCgmtcd circiiir ^aMoiiion have rcvoluiioni^ electronics. Using slU^n as well as 
c^ite crystalline semicood»ctOf inatcnsi$, wc can now fabricarc inicgra^ cuctiits (ICs) 
that have hamireds of mlllioris of efemonic comptjnsnr^ on ^ mg^ 2 cm X 2 cm die. 
Mm of us have some famiiiaiiiy wiUi the v«iy lii^h-spced aucix>piocessor md TCmory 
cornpoicnts ihut form the building blocks for ^$oml coi^puiem and worksialiofts* As ihh 
ediuoo is l^iog written, lechnology fm Che I -g%abtt (Gb) n^mory chip i$ beinjg develc^d 
in a numjber rescmch laboratories aroisnd tlic world The tnemoiy anray a lenc on this ctiip 
will mman rmtt \hm i<f um&hiom ond 10? capacicors^mre than 2 billion cJmronlc 
components on a single die! 

CHir nblilty to buiid 5»ch phenomenal clecironic system componenls h based on a 
4mik4 mdmtmimg of solid-state physics as well as on development of fabrication pit>- 
ccsses necessary to niiii the ibeory Isco a mamifiicnirable reaUt>\ Iniegriitcd circuit rmn- 
ufmuring k m exeelkni example of a process leqtilmtg it brond uiKleistandios of in.w 
dlsotpllii^ IC fahiicatf^ requires Issiowfedge of physics, cta:nu5lry» elddxlcai engineer- 
ing, imcbaaicai eagijiccrinf , mateiiaiU engineering, and metallurgy, to mcniion jusi a fw 
disinpiines. The bieadili of undei standing reqiiked is a ch^illen^e, btii ti niakcs the field of 
solid-state cleci«)nics an cxiieii^ly cxcitisig and vlbiaju aiea of specialiiaUon. 

The matedal in this chapter pixjvidcs tfee background necessary for uttderstandlng 
the behavior of ihe solid-state <kviccs presented in ^b$e<)iient chapters. We begin our 
mdy of solid-state ekctionJes by exploring the cto^cceristics of ctystailine m^^als. 
widi an efy^a.d$ on silicon^ tha ntost comn^eiaily importajst d^tiiconduetor. Wc look at 
electrical conduetiviry and resistivity anddi:^ui^ the mechaniams of dectroalo eonducUon. 
The t<schmque of inipuiity doping is discnsssed, along with its use b contralling eonduciivity 
and n^Mvity type. 
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2.1 SOLID-STATE aECTRO»tCiiSATERIALS 

ilectroialc matcriats g^aetally can be divided mo (hi%e caiof ories: insulators;, eonduc- 
tors, and semic^ndu^ors* The primary pammetor used to distinpish among these ma- 
terials is the resistivity p, with units of fl * cm. As indicaied in Table 2.1, insulators 
have resistivities greaier than iO^ (I - cm, whereas conductors have resistivities below 
10*"^ n - cm. Far example, diamond, mm of the highest qnalir^ insulatoiSr has a very laf^c 
resistivlry^ iO*^ (I - cm. On the other hasid, pure copper* a good conductor, a resistivity 
of only ^ X iO"^ n * cm. Scn^jconductais oectipy the full ran^ of lesisiivides between the 
insulator and conductor bouikdaiies; RKweovo; the resistMty can beconiioUed by adding 
various Impurity atoms to the ^rtd«>nductor crystal, 

Blemcntat semiconductors are formed from a single ^pe of atom {column TV of 
the periodic table ot elements; see Table 2.2), whereas coitipound semiconductors can 
be foniied from combinations of elements from columns HI and V or culunms II aiKl VI, 
These later maicrials aje Often tefeired to as Ill-V 0-5) or O-VI (3-6) con^und semi- 
conductors* thbte 2*3 i^escnts some of Ihe most usefui possibilities. Tliere arc also ternary 
materials such as meiewy cadmium telluride, galHtim alurmium arsenide, plllum Indium 
arsenide, and gallitu^ indium phosphide. 

Historically, germanium was one of die first semiconductors to be mcd. However, it 
TOs rapidly supplanted by silicon, which today is tlie most impoaant scmlcondoctor ma- 
lenal^ Siilcoo \m a wider bandgap ciieTg>»,^ allowing it to 1:^ used in high^-temperatum 
applieadom dtao gennaoium* and oxidaiion forms a stable insulating oxide on silleont 



^ The meaning of baad^npetieiBy is disi^sed in d^l in Sees, Z3 and 
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giving sUk^ij sigirftom |i«>cessi«g advann^es over gcmianium dimcig fabiicauoo of IC$. 
[fi wlditten sili«m. galHimi arsenide and indiujii phosphide axe coftmo»ly encoontered 
today, niihough s^rrmuiium still used in some 11 miied applicatmns, TJie compound semi* 
cmtdiiccof imtcmh gallium ^swniiic (GaAs) and Indium pho&pMdc (InP) are tfee mm im- 
[sonani mateml for opttidectronki ^plkittioiis, iiictudli^g li^t^itiittlng dio<ks QMhX 
l^sxiTS, and pholo dctmors. 

Many mmxM khojataiies are now exploring the formadoti of dian[^OBd, borun Mr 
tride* silicon carbide^ m5 $i\mn gmtmuBm maicrials. DIamoBd and boron miMc aie 
ejtcelkof i^tilotors ait room (cmpcnaare, but thoy. as well as silicon carbide, cm be 
as sOTicoaduotois at much higher <cmpciatuits<6W^^ Adding asiuaU pcrccotage{<l0 
j^aiccnt) of genimiom to sUicon lw& been shown receailv to ofifor irnprovcd dtevi«e perfof* 
moftoe In ti i^ess <^mpatib1c wliJ) iionn^l silicon proc^sii^ 

Exercise: Wliat aic the chtuucal sytnbok for antimony, ursmc, atuminani, boron, 
gaUitiit), geimatuum. mdmm, pJtosj^orus, and silkoti? 

\mmitsi Sb. As, Al, Ga, Ge, Jn, P, Ss 



2.2 DRIFT CU^ftiNTS IH SEMtCONDUCTOBS 

EtccUicil i^stsdvlty p and its redprocal, coMucHvtty rr, dianctefizjc cisn^i flow in a 
txmdni vfhtai ail eloc»fc field Is aj^pllcd. Charged par Uolcs mov^ or drift m rcspoijse to 
the ekoaic field and cl^ resuldng c^im is cnl!cdifi# n/ir^/?/. Thedrifl cumni deasllj? 
/isdtffiiiedas 

; Qv lOm^)(cm/s) - A/cm' <2«1) 
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where Q « charge ikttsUy 

V ^ velocity of clsarge in ckctrwj field 

fn order lo find thecharg« density, weexf^oxis the suwruieof siUeon mkig bath tibecovaleiti 
bond model and {kier) i^e er^i^y t^aml jtHxl*^ for seimeoisduetms. W& relate ^ vcbciiy 
of die c^mgc mntn m iht applied dcctric field m Sec. 2.4. 



Amm mn l«>iid together in stmorp^mis* gxotj^orystiilllnib^ or ^n^i^erysliil fmm, Antor- 
fhm% matedals have a mtaJly disor<tefed stnictiiic, whereas polycrystalline ma^rlal 
consists ef a laigc immber of i^mall er>'&ifdUtes. Most of t^ highly useful properties of 
^emieondiictors, however, oceiir m Mgh-puniy, siugle-crysm! jnaiertal. Silicon— column 
IV in the pcnodic table— foiir electroas in omcr shell Singl4>crysial material is 
formed by the cov^lci^t boisdiug of c^tch silicon atom with its four neaiesi ndghboi^ in a 
highly icgalar three-dimensional array of atoms, as sliov/n In Fig. 2 J. Much of die be- 
havlor we diseta^s tm he visimlized uipng the simplified two-dunemjonal covaleni bond 
ittodi^ofFig 12. 

At {ernpef^mres approaching ab^lme zm* oil dte electrons reside in the eovalent 
bonds shared between the atoms in ihc amy, with no electrons free for conduaion* Tfee 
onm ihcJIs of the silicon aioni$ arc ftill, and the mmjeriai behaves as m in^ilator. As the 
emperattire lnereasc$, ihcrmal enei:g>» is added to the cry^jral ami some bonds bre^^lc, freeing 
a maO noniber of electrons for condyctioo* os in Fig, 2,3, llm <km\xy of these free elee« 
irons equal to the iiitiHIii^ twinier dmdty (cin"^}* whkh is <kteni«ru:d by matedol 
properties nnd temperatun^: I 



2.3 COVALEfIT BOND SflODEl 




wlK^re £g ^ $cmicoi^iiCtcr bandg;s^cm3;gy boV (ek^tmn volts) 
k ^ BoUzmann*s coi^Biant. 8.62 X 10""^ cV/K 

T — (Absolute temperature, K 

D « mJiiefiai^Jcpcftdcntporame^ier, 1.08 x 10^^ K;"^ cm''^ for Si 




(12) 





f^OT 2.1 Silieon c(ym\ htff^ striKftaore. (a) maanond laitjoe urit cell. The cube side hm$fii I ^ 0341 nm. (b> Enlargfid tO|> 
owr«jr ef the tHiunoi^ laitke, ^wlng Ote fbur iscmsi »^ighboi$ bonding ^vithio the vutieiuiB. (c> Vtcw a crysUifiographie 

f(a) and (b> ad^«d fjwH iSfce^/W Mi In Smk^ndui^mrs by wmam ShocUey. ^ 1^0 Uitoa Educaaonal 
IWisluns. (e) adapcedl ftoro the Af^^i^mtre nfMidead^ Igf UnwS IWtog «nd Roger Hayward, e^^rigbi a l%4 by W. H. 
Ymmm and Coi^aoy. twcd wfeh pemdsjlon: aod Se$m€9n^wr Ihyictst Fhptics end T^cfearfogy by S* M- Ssk, copyri^l © 
1^5 by l^li l^Jt!|»hc^ Uto^iies^ penni^^ of llto Wiky & O^J 
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11 1. 




RfUif 2.3 An ebctntst-hole pm b gensraoxl 
wfteit^v«i at covatot t»md is broken. 



ilandgap energy i^t? b th« mittimiim energy needed to bieak a covaleni Iwitd in Ute 
scmiconductoicoscdl, thus frcemg elections forcanduction. Tabic 2.3 lists values of ihc 
tedgap energy for yati^>us semiconduciors. 

Tht density cf cmiduaim (ar fme) decimns i$ rcpresental by the symbol n 
(dectmiis/cni^), and fc^lniriiidc materials «s /i^lljeteimi/i/ri/i^i^refeiisiodiegeiiedc 
propertied of (ntrc Decrial. Attbo^ight i$ at) imrinsic property of eaeli smsucitmlucture k \s 
excremcly teaipefature^depeadent fo^dl niai^als. Figure 2.4 has ci^ounples of the ^mng 
Sfmzmn of iaifirjsk tMtitt density mih lemperature for gcnmanium, silicon, m4 gallium 



ixAMnj^2.1: As an exaiiiple. lei us eMculaie the value of In sillcoi) at itsom icm* 



J. 12 



/i^ 452 X V^Im^ m 



62 X 10^^ CV/KX300 K) j 
6.73 X lO^W 



l^or ^mplkity, m subscqticm catcukUotis we use «i - lO^^Atm^ as the mom <cm- 
peiomre value of for saicoa. # 



Tbe dcmity of silicon atoms in ifee crystal lattice i$ approxiixuaicly 5 X lO^/em-*. We sco 
from Example 2.1 ihat onfy oih^ b<md in a(pt)xhiiotdy 10^^ is bt^Mn at room tempsntture. 

A second eb^e csuikr Is aetu:i Ily formed wlien the eovate^i bond 'm Fig. 2.S is bro- 
ken. As an eleclfoo^ whi<^i has charge equal to - L602 X 1 0"*'^ C> rnov<^ away from 
Ose covalcnt bond, it leaves behind a vacancy in ihc bond structure In tbe vicinity of ils 
pai«nt alic<in atom. TTbc vacancy is I'cft with an eifeeiive eliai:ge of ^q. An decu^n fiom 
an adjacem bend can ttO this vacancy^ creating a new vacancy in another position. This 
p0CN:es$ allows tli^ vacamy to move tluongb tl^ ciystal. The moving vacancy bdiaves just 
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Easily versus tensperMUte 

cm-** fw St. imd iJ ^ 
OaA$. 

as a prtklc wiai ehar^ 4^ is caUed a holt. li<^e density is rcpneseated by the symbol 

As d^sailicd dbove, two chisnjed |>ajUcles: m cicated for each bond thai b \mkm: 
<m i^tction mi mc hntt. Pcrr miririslc silicon, 

ft ^ m ^ p {Zr3) 
mid tht prodm of iht dmmn and holt concemrations h 

pn ^ «f C2-^) 

The product i$ gh*Cft by £q. ^.4> wtcnevcr n semicotiiducror is m thennal eqdlib* 
rliim. <Tlti5 very impoxtaar result is u^d later.) In ihcniidl eqiiillbriiim» materia pro|Kt]tie$ 
2^ deper*clent only on iht leuipcramre T. widi no oth<ar form of t«im«his ap^kd. Equa- 
tion (2.4) d^ies 001 app^y lo scii^ofiduaors optratmg m the pncsetwieof extcrod stimtJMs 
such «^ af! applied voltage or currcm an optical excitation, 

ExKitCtsr.: Calailatc the intiiasic corner deijsiiy in silicon at 50 K a^d 325 IC. Oa the 
average, what is cfee lengih of one side of the cube of sUkou thai is needed «> 6nd ciie 
elactioii mi one hole at I « SO 



2.4 rWOBIUTY 

M<fiscttS$ad catlmr, charged particles move in response to aa applied elecuic field. This 
moveitiem 1$ termed M% ami the lestailtiug tmm flow {% kiso w m drift cmrem. Positive 
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€hmgc$ Mfi \n tl5e s**ina as the electdc tSeld, whereas licgaiivc chaigcs drift in a 

<itetioi9 «]p^S€d CO Uie eleciiic field. Carrier <lrif% veloctty v (cm/s) h pnjportiofml the 
electric M4 E ( V/cm); the ci^n^mnt of proportionaliiy is cdlcri the niolbllity /i: 

where v„ ^ velocjt>^ofdecuroiis(cm/s) 
Vp vel<3tcity bf hole$ (cm/s) 
Ml, « electron im(Mtiiy» I350cm^/V « s in rmrmsic SI 
hob moiilHty, 5fJ0 cm^A^ • s in miriosic St 

CoueeptuaUy, holes arc loc^lli^ to move thmu^ (fee covalm bond stnicujie, bur 
ekcuans arefnE^tomoveaboui the <^ysyii. Thus, one mlghlex|)ecthokn)d^^ 
ihan clcctrorimohiliiy^ as ^pe^s in the dciwsldoiis Id (2.5). J^te ihat ihc rclaiion^hlp m 

fEq, (2.5) break* down at high licWs in alJ scmi»)ddactiir* because tli« s<i:lociiy of cardej« 
read^ a limit cMlcd the ^tarated drift vd<«iity v^^. In ailloon, v^ji is api^ximately 
ctn/s for ckcirtc fields exoecdmg 1 x lO* Vfan. 

EjumcBE: Calciskrc the velocity of a hole in mi cimde ftdd of JO V/cm. What ts the 
electron velocity in m deetric field of liKJO V/cm? The vottage aeross a rcrfstor is I V, 
and the lengtfi of die resnstoj is 2 jim. \M)n! is the electric fitld io the ics isiof ? 



if - fi^t?;, - i^qpM^v^pE^ - A/cm* 

in which e„ ^ (-^«)afidg^^ (+<rp) r^pitscm (he <?haj^e densities (Cfcm^) of d 
andl holes, issspeciively. The tdfai drift current density is itea given by 

/f^' r= 4 ^ 4f(li/i« f » or£ {17) 

This equation deiiises <r^ the electrieai condaetivity: 

<r ^ ^if^ 4- p/i^,) (A • cm)*'* <2.S) 

For miriosicsiiictm, die charge dcasky of election » -^/ir» whereas 

(he ehaige density for holc^ is Qp « • The values of die mobilities in inirinsic siliojn 
wa^e ^ven In Eq. 9nd 

IT « {\m X I0^'^)[(l0^«)(r350) ^ (lO'^CSODH (Ofcm^^Xcm^/V - 5) 
= 2.96 X 10^8 (ncan)"^ 

tlie misti vity p i$ equjd to die rccipfocal of the conductivity, $0 for Intrinsic sili<50ti 

p « i « 3 J8 X 1 05 n ' cm (1!>) 

Frofii 'HiblelLi , wo $4X ttmi imriosio silicon can he d^ar^eHzed as an imidator, aibcli near 
^ low end of tl^ in$uUitof cesi stiviiy range. 



2.S RESISTIVITY OF urrmHSiCSiLicon 

Wo arc ROW In a ^0^00 to oakmlate tho electron aod hole drift cunem densities and 
For simpli«ty. we assume & onc-di mcusloodl eurri;nt and avoid die vector nouidon <^ 



A/cm- 
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